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ABSTRACT
Advanced spark ignition (SI) engines can operate under lean conditions in order to improve
the efficiency and reduce the emissions. Under extensive lean conditions, the ignition and complete
combustion of the charge mixture is a challenge, because of the reduced cylinder charge reactivity,
leading to combustion instabilities, thus making the empirical investigations in the vicinity of and
beyond the lean limit of current engines, unviable. With further improvements to the ignition and
combustion control, the lean operation limit may be extended in future engines. To circumvent
this limitation to an extent, in this work, the potential of extremely lean mixtures (well beyond the
practical lean limit) for SI engines has been studied using numerical simulations. The main
objective of this thesis is to perform a modelling study of lean burn engine using a zerodimensional engine cycle simulation and aid in acquiring an understanding of the combustion
characteristics that have a major impact on the indicated thermal efficiency. The simulations are
performed to investigate the impact of combustion phasing, combustion duration and heat transfer
independently on the indicated efficiency. The simulations are conducted under various fixed
combustion characteristics such as air-fuel ratio, combustion duration, combustion phasing, and
more using AVL BOOSTTM. The empirical in-cylinder pressure data is used to validate the
simulation model used. The results show that combustion phasing and heat transfer effect have a
major impact and combustion duration has negligible influence on the indicated thermal efficiency.
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Chapter 1 – Introduction

1.1 Background of spark ignition engine
An ideal spark ignition (SI) internal combustion (IC) engine is theoretically
represented by the Otto cycle (constant volume combustion). A complete cycle in a fourstroke SI engine comprises intake, compression, expansion, and exhaust strokes (720°CA
or two revolutions). A mixture of air and fuel is fed through the open intake valve to the
cylinder during the intake stroke as the piston travels downward. The intake charge is then
compressed until the piston reaches top dead centre (TDC). Near the end of the
compression stroke, a spark event initiates the flame kernel to combust the compressed
charge. The piston forcefully proceeds downwards through the force of combustion,
leading to the expansion stroke, also known as the power stroke. Lastly, the exhaust valve
opens as the piston moves towards TDC to eliminate the burned gas. This 4-stroke cycle is
repeated to produce useable work. The indicated work can be calculated from the analysis
of the complete engine cycle.
The principle thermodynamic efficiency for an otto cycle can be written by [1],
1
𝜂𝑖𝑛𝑑,𝑔 = 1 − ( γ−1 )
𝐶𝑅

(1)

where 𝜂𝑖𝑛𝑑,𝑔 is the gross indicated thermal efficiency, γ is the specific heat ratio (cp /cv)
and CR is the compression ratio.

1

From Eq. 1, compression ratio is the primary factor that has a notable impact on the
thermal efficiency. The influence of the specific heat ratio on efficiency is comparatively
minor, especially considering its relatively small range of variation for different gases.

1.2 Indicated performance in SI engines
A generalized breakdown of energy losses at different stages from fuel energy to
useful brake work in an IC engine is shown in Figure 1. Exhaust gas energy in the form of
heat or partial combustion products (unburnt hydrocarbons and carbon monoxide) accounts
for the major portion of fuel energy loss. Additionally, during the combustion, heat transfer
results in energy loss to the cylinder liner and piston surfaces. Pumping losses are
associated with the flow restriction as a result of throttling during the gas exchange
processes. Lastly, mechanical losses result from friction between moving parts and
auxiliary components connected to the crankshaft, e.g. water pump, alternator, and many
more.

2

Figure 1: Fuel energy to brake work conversion (adapted from Heywood [1])
The mean effective pressure is a derived parameter from cylinder pressure, and it
is the work done over swept volume as formulated in Eq. 2. The gross indicated mean
effective pressure (IMEPg) is calculated considering only the compression and power
strokes, neglecting the intake and exhaust strokes. The net calculations (IMEPn) involve
pumping losses calculated by the summation of the intake and exhaust stroke of the engine
cycle. [1], [2].
IMEPg =

Wi pV
=
Vs Vs

(2)

pV
Vs

(3)

PMEP =

IMEPn = IMEPg – PMEP

(4)

Where, Wi is the indicated work, Vs is the swept volume, p is the in-cylinder pressure
and PMEP is the pumping mean effective pressure.

3

In an SI engine, minimizing the pumping losses is a major focus. Pumping loss is
reduced as engine load increases because of the decreasing pressure difference between the
intake and exhaust stroke [3]. The improved breathing of the engine can increase the fuel
economy at higher engine loads. Various technologies [4], [5] such as spray-guided direct
injection, VVT, and cylinder deactivation, have become attractive to further improve
efficiency.

1.3 Performance and emissions in lean burn engines
Advancements in SI engine technology have significantly improved the
performance of IC engines. Most notably, the adaptation of turbochargers to downsize
engines has improved the power density of IC engines while retaining efficiency [6].
However, the stoichiometric operation produces emissions harmful to the environment,
most notably NOx produced in localized high-temperature regions during combustion.
Reducing in-cylinder temperature while retraining thermal efficiency and stability is an
ongoing challenge [6]–[8]. In response, some combustion strategies have been investigated
to overcoming this challenge, such as exhaust gas recirculation (EGR), lean burn, and
retarded injection timing [8], [9].
Lean burn engines operate under an actual air-fuel ratio that is greater than the
stoichiometric ratio. Excess air ratio (denoted by λ) is the ratio between actual air-fuel ratio
and stoichiometric air-fuel ratio of the charge mixture as denoted by Eq. 5:

4

λ=

(𝐴𝐹𝑅)𝑎
𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑖𝑟 𝑓𝑢𝑒𝑙 𝑟𝑎𝑡𝑖𝑜
=
𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑖𝑟 𝑓𝑢𝑒𝑙 𝑟𝑎𝑡𝑖𝑜 (𝐴𝐹𝑅)𝑠

(5)

Numerous studies show that lean burn improves fuel conversion efficiency [1],
[10]. Operating under lean conditions is advantageous in two major ways: (1) reduced
pumping losses associated with the flow restriction of the throttle body and (2) improved
combustion efficiency as the quantity of oxygen availability increases proportionally.
Minor improvement in efficiency can additionally be attributed to the in increased cp and
γ of the diluted charge mixture. Other factors include reduced heat transfer losses and
dissociation of combustion products [11]. As such, theoretically, lean burn SI engines have
the potential to reach higher thermal efficiencies [1]. In practice however, lean combustion
beyond a certain excess air ratio (the so called “lean limit”) might lead to incomplete
combustion of the in-cylinder charge which results in an increase in unburnt HC and lower
fuel efficiency.
The effects of excess air ratio on combustion performance and emissions is
illustrated in Figure 2. From the figure, peak NOx formation can be observed slightly on
the leaner side, where the highest in-cylinder temperature is achieved. In addition, fuel
consumption and hydrocarbon emissions increase beyond the lean limit as a result of
combustion instability.

5

Figure 2: Illustration of lean burn effects on engine performance (adapted from John [10])
Reduced charge reactivity and burning velocity of extremely lean mixture could be
the potential cause for the deteriorating performance beyond the lean limit. The lowered
charge reactivity can lead to increased ignition delay due to the ignitability issues. As a
result of the increased combustion duration due to reduced burning velocity [12], [13],
there could be incomplete combustion leading to increased fuel consumption and
hydrocarbon emissions. Extending lean mixture beyond lean limit could cause cyclic
misfire resulting in decreased engine stability. Additionally, because of longer ignition
delay and combustion duration, the applicable spark timing range for favorable combustion
performance becomes narrower as the excess-air ratio increases. Thus, the lean burn engine
requires a higher level of external variable monitoring for precise engine control [14].
6

1.4 Research objective
Lean burn engine operation is capable of reaching higher thermal efficiency in SI
engines without major modifications to the engine geometry. While numerous studies are
available on lean burn engines [1], [8], [10], [12], [14], this theoretical study systematically
approaches the topic to determine the individual impacts of combustion parameters on
indicated efficiency.
In this work, numerical analysis has been used to study the potential of lean burn
engines without the practical limitations such as combustion instability and flame
propagation that confine the domain of empirical investigations. The simulation based on
the single-cylinder research engine at CCEL is used to explore the lean operation potential
of SI engine up to an excess air ratio of 5.
The major objectives of this work are:
•

To perform a parametric study to analyze the impact of heat release phasing and
duration on the indicated efficiency under lean burn operation in an SI engine.

•

To acquire an understanding of the combustion parameters that have a major impact
on the indicated thermal efficiency.
The engine test platform used for the empirical investigations and the

corresponding numerical setup are representative of an SI engine. However, it should be
noted that because of the inherent nature of zero-dimensional simulations (no spatial
resolution), the distinction between the SI and CI combustion depends largely on the model
variables, including but not limited to shape factor, homogeneity, and input combustion

7

parameters (discussed in Chapter 2). The corresponding model variable values are tuned to
emulate the SI engine heat release. Additionally, because of the primary dependence of
thermal efficiency on the compression ratio of the engine, the general conclusions of this
study are qualitatively valid for both SI and CI engines.

1.5 Thesis outline
A brief background of the research stating the motive, challenges associated with
the research and the objective of the thesis are provided in Chapter 1. The research platform
and the simulation model used in the study are introduced in Chapter 2. Preliminary
empirical data analysis results are investigated in Chapter 3. The engine cycle simulation
results which exhibit the impact of combustion phasing and duration on indicated
efficiency are presented in Chapter 4. The conclusions made from the outcomes related to
the research are summarized in Chapter 5. In Figure 3, the research outline used in this
research is summarized.

8

• Engine dynamometer test data analysis
Empirical
method

• Excess air ratio
Determination • Intake pressure
• Combustion phasing and duration
of control
parameters

• Gas exchange modeling
Computational • Combustion modeling
method

Simulated
results

• Impact of combustion characteristics on indicated thermal
efficiency.

Figure 3: Research outline
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Chapter 2 – Methodology
In this chapter, the research platform and methodologies used in this study are
described. A detailed schematic of the engine testing platform and descriptions of the
measuring devices are included. Finally, the theory used in experimental data analysis and
the details of the numerical modelling setup are discussed.

2.1 Research engine
A single-cylinder direct injection engine, extensively modified for spark ignition
research was used for empirical investigations. The base Yanmar NFD170 configuration
was fitted with intake port fuel injection, in-cylinder gas sampling, intake air pre-heating
and throttling [15]. Further modifications included a spark ignition system in the place of
the diesel injector and a range of compression ratios (9.2:1 ~ 17.8:1) through multiple
machined piston geometries [16]. Lastly, a helical insert was added to the intake manifold
to increase swirl flow [17]. A detailed schematic of the engine testing facility is shown in
figure 5, and the geometric specifications of the engine are tabulated in table 1. The intake
and exhaust valve timings used are tabulated in table 2.

A direct current (DC) dynamometer coupled to the engine was used to measure and
govern the engine torque and speed. The dynamometer was controlled using a Dyne
Systems Dyn-Loc IV digital dynamometer controller. An external conditioning unit (FEV
Coolant Conditioning Unit) maintained the engine coolant temperature at 80 °C. The intake
air was supplied from an oil-free dry air compressor and an electro-pneumatic pressure
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regulator was used to control the intake pressure. The intake air flow rate was measured
using a ROOTS volumetric flow meter (5M175) mounted before the intake surge tank.
Table 1: Yanmar engine geometric specification
Engine model

Yanmar NFD-170

Bore

102 mm

Stroke

105 mm

Connecting rod length

165 mm

Displacement

857 cm3

Compression ratio

9.2:1

The in-cylinder pressure was recorded using a Kistler piezo-electric pressure
transducer (model 6043A60), coupled with a Kistler 5010B charge amplifier. The pressure
data was synchronized with the crank position using a crankshaft rotary encoder (Gurley
Precision Instruments) and a camshaft sensor. The manifold pressure was measured using
a Kistler piezo-resistive type absolute pressure transducer (model 4075A10). Since the
piezo transducer measures the differential pressure, the absolute pressure transducer was
used to offset the raw in-cylinder pressure to true pressure value (i.e., pegged pressure).
The resulting in-cylinder pressure measurements were used to quantify many parameters
throughout this work, as shown in Figure 4. The pressure data was recorded at a 0.1 crank
angle degree resolution using data acquisition (NI-DAQ) systems, which were coupled
with National Instruments LabVIEW software. The engine research platform was
instrumented for detailed emission measurement of the intake and exhaust gas,
simultaneously.

11

Figure 4: Pressure analysis parameters
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Figure 5: Yanmar engine schematic (adapted from Dev [18])
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Table 2: Yanmar engine valve timing
Valve condition

Crank Angle [°CA]

IVO

355.9°CA

EVO

138.9°CA

IVC

586.9°CA

EVC

376.8°CA

Overlap

24°CA

2.1.1 Heat release analysis
The measured cylinder pressure data and engine geometry were used to obtain the
heat release profile. The apparent heat release rate (AHRR) with respect to crank angle was
calculated [1] in its simplest form as Eq. 6, neglecting the energy loss via heat transfer and
mass transfer (i.e., blow-by) during the period from intake valve closure (IVC) to exhaust
valve opening (EVO).
𝑑𝑄𝐴𝐻𝑅𝑅
𝛾
𝑑𝑉
1
𝑑𝑝
=
𝑝
+
𝑉
𝑑𝜃
𝛾 − 1 𝑑𝜃 𝛾 − 1 𝑑𝜃
where γ is the specific heat ratio,

𝑑𝑄𝐴𝐻𝑅𝑅
𝑑𝜃

(6)

is the apparent heat released rate, 𝑉 is the volume,

𝑝 is the pressure, 𝜃 is the crank angle. The specific heat ratio is fixed at 1.37 for simplified
calculations, although this may lead to idealized results [19].
The inputs required for engine cycle simulation were based on the engine geometry
and motoring pressure. Thus, the heat release analysis could explain the operating
conditions selected for engine cycle simulation. The cumulative heat release was calculated
by,
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∑𝜃𝐼𝑉𝐶 𝐻𝑅
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑅 = 𝐸𝑉𝑂
∑𝐼𝑉𝐶 𝐻𝑅

(7)

From this, a summary of the combustion period could be quantified and compared
among combustion cycles, as shown in Figure 6. In this research, the start of combustion
(SOC) was defined as the crank position where 10% of the cumulative heat was released.
Likewise, the end of combustion (EOC) was the crank position where 90% of the
cumulative heat was released. The crank angle at 50% cumulative heat release (CA50) was
defined as combustion phasing. Ignition delay was considered the period from the spark
ignition timing to SOC. Finally, the combustion duration was defined as the period between

Normalized cumulative heat release

SOC and EOC.
Δ𝞱: Combustion Duration

1

CA90

90% heat released

CA50

50% heat released

CA50: Combustion Phasing

0.75

0.5

Ignition delay

0.25
CA10

0
340

Spark

10% heat released

350

Δ𝞱

360

°CA

370

Figure 6: Normalized cumulative heat release
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380

390

2.2 Simulation platform
AVL BOOSTTM provides an one-dimensional engine simulation platform to model
and analyze various internal combustion engine parameters. The software uses inputs such
as intake pressure, intake temperature, mass flow rate, and more [20]. The solver involves
the conservation of mass, momentum, and energy equations. Each fundamental equation is
solved by averaging the parameters over the flow direction. One-dimensional simulations
are generally considered because of their admissible computation time and acceptable
accuracy of the results [21]. The thermodynamic model involves the gas transport
equations as given by Fairbrother et al. [22].

2.2.1 Combustion model
According to the law of energy conservation, “At equilibrium state, the change in
internal energy is equal to the difference of the heat transfer into the system and work done
by the system” [23]. When this law is applied to the system [24],
𝑑𝑈 𝑑𝑄𝐻 𝑑𝑊
=
−
𝑑𝜃
𝑑𝜃
𝑑𝜃
(8)
where

𝑑𝑈
𝑑𝜃

is the change in internal energy,

𝑑𝑄𝐻
𝑑𝜃

is the total heat flux, and

𝑑𝑊
𝑑𝜃

is the work

done by the piston.
The total heat flux can be formulated as [24],
𝑑𝑄𝐻 𝑑𝑄𝐹 𝑑𝑄𝑊
=
+
𝑑𝜃
𝑑𝜃
𝑑𝜃
(9)
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where

𝑑𝑄𝐹
𝑑𝜃

is the total input fuel, and

𝑑𝑄𝑊
𝑑𝜃

is the total heat transfer.

The analytical ability to approximate the combustion rate of an internal combustion
engine is a valuable and cost-effective tool for an engine cycle simulation. The Wiebe
model, which was formulated by Ivan Weibe in the mid-1950s [25], is used in this study
to calculate the mass fraction burned (MFB) as shown in equation 10 [1],
𝜃 − 𝜃0 𝑤+1
)
𝑥𝑏 = 1 − exp [−𝑎 (
]
𝛥𝜃

(10)

where 𝛥𝜃 is the combustion duration, 𝜃0 is the crank angle at SOC, w is the shape
factor, a is the completeness of combustion on a scale of 6.9.
The SOC and combustion duration estimation based on the shape parameter can be
found in the AVL BOOST user guide [20]. Since the approach is zero-dimensional, the
combustion model considers an equally distributed heat release event; that is, the heat is
released equally throughout the combustion chamber [26].

2.2.2 Heat transfer
The heat transfer phenomenon is a complicated issue because the three-dimensional
nature and transient temperature. With the assumption of steady-state heat transfer in this
study, the heat transfer is calculated according to Newton’s law of cooling [27],
𝑑𝑄𝑤
= ℎ𝑐 𝐴𝑤 (𝑇 − 𝑇𝑤 )
𝑑𝑡
(11)
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where Aw is the in-cylinder surface area, hc is the heat-transfer coefficient, T is the bulk gas
temperature, and Tw is the mean wall temperature. The bulk gas temperature T is calculated
using the ideal gas law, and the mean wall temperature Tw is estimated from the coolant
temperature measurement.
The heat transfer coefficient is estimated from the Hohenberg correlation. The
Hohenberg heat transfer coefficient equation is as given by Sanli et al. [28].
ℎ𝑐 = 3.26𝑝0.8 𝑇 −0.4 𝑉 −0.06 (𝑆𝑝 + 1.4)0.8
(12)
where p is the in-cylinder pressure [bar], T is the temperature [K], V is the characteristic
velocity [m/s], and 𝑆𝑝 is the mean piston speed [m/s]. SI engines contribute a negligible
amount of high-temperature soot particles responsible for radiative heat transfer [29]. As
such, radiative heat transfer is neglected for simplification.

2.3 Model and assumptions
The case layout for this research is shown in Figure 7; the input to the model
replicated the single-cylinder research engine at CCEL. The model inputs included engine
geometry, engine speed, excess air ratio, intake manifold pressure, temperature, and
parameters that define the HRR (recall Eq. 10). One-dimensional quasi-steady flow was
used for the intake and exhaust processes.

18

Figure 7: Gas exchange and combustion analysis process (AVL BOOSTTM model used)
The solved gas dynamic equations represent mean values over the cross-section of
the pipes. The flow coefficients for the intake and exhaust flow were tuned to match
reasonably with empirical data. It is worth noting that these coefficients were held constant
for all simulations. This research focuses on the in-cylinder combustion process at various
engine operating conditions instead of flow optimization. Therefore, to avoid any
discrepancies caused by the flow characteristics, the measured absolute intake pressure
data was taken as input information for intake pressure.
The Vibe model was used to describe the heat release shape of the combustion. The
details of this process could be found in the BOOST Users Guide [20] and BOOST Theory
Manual [30]. A MATLAB code was used to extract data from the AVL BOOST generated
output files. For the parametric study of lean burn combustion, the inputs to the engine
cycle simulation, including intake pressure, temperature and other boundary conditions
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were the empirical operating conditions. Table 3 provides the simulated boundary
conditions used.
Table 3: Simulation boundary conditions
RPM

1300

Load (IMEP)

~3 to 7 bar

CD (sweep)

10°CA to 70°CA

CA50 (sweep)

-15°CA ATDC to 40°CA
ATDC

Excess air ratio

1 to 5

Intake Temperature

299.15 K

Wall Temperature

353.15 K

The gas exchange modeling was achieved by using a spatial pipe discretization of
4 mm average cell size. An essentially non-oscillatory (ENO) finite volume method [31]
solved the mass, momentum, and energy equations in the intake and exhaust manifold
regions. The simulations were performed for 20 cycles at each operating point.
The ignition source and ignition delay parameters could not be modelled in the
zero-dimensional simulation because of the absence of the spatial resolution. Hence, SOC
is an input parameter into the numerical model which is calculated from combustion
duration and the shape factor and is tuned using the empirical results [20].
The model was built on certain assumptions as follows:
•

One-dimensional flow equations were used to approximate the gas exchange
process.
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•

The intake charge was a perfectly homogeneous mixture, and the pressure and
composition were assumed to be uniform in the cylinder zone.

•

The evaporation effect of fuel was neglected.

•

The combustion was assumed to be complete (i.e., residual gas effects were
neglected)

•

The heat transfer was predicted with the Hohenberg correlation [27], [32].

•

The lower heating value of fuel (LHV) was assumed as 44 kJ/g.

•

The frictional losses were assumed as a function of speed only [33].

The numerical model was calibrated using experimental pressure traces and a reasonable
matching between experimental and numerical motoring pressure traces was ensured.
Figure 8 shows the matching of motoring pressure traces at 5.7 g/s experimental mass air
flow rate. Using the empirical intake manifold pressure as the boundary condition for the
simulation, the simulated and empirical mass flow rate showed ~6% (0.35 g/s) deviation.
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Figure 8: Motoring pressure curve - Matching of the gas exchange process

21

The impact of heat release phasing and duration on indicated efficiency was further
analyzed under the assumption of 100% combustion efficiency. The simulation was
performed by varying the combustion phasing and duration for different operating
conditions. The change in combustion phasing and duration of the heat-release curves are
illustrated in Figure 9. The start of combustion and combustion duration was calculated as
mentioned in the AVL BOOST guide [20]. The SOC obtained served as inputs to the
combustion model, not accounting for the ignition delay modelling. As recommended, the
shape factor used in Eq. 10 has been fixed to a standard value for a two-valve gasoline
engine [20]. Thus, the simulations performed are realized to ideally represent SI engines.

Figure 9: Combustion duration and phasing representation
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Chapter 3 – Preliminary empirical analysis
Research data was gathered and processed for a range of spark timings and excessair ratios under fixed fueling. A spark sweep at each condition was conducted to determine
the maximum brake torque (MBT) timing [34], [35]. A summary of the test conditions is
tabulated in Table 4.
Table 4: Experimental test boundary conditions
Parameter

Load (IMEP)

Lambda

CA50

Boundary

~ 6 bar

1 to 1.6

335°CA to 385°CA

Figure 10 shows the load versus spark timing relationship for different excess air
ratios. The differences across the operating conditions were evident from the different
spark timings at which the maximum load was achieved. As the mixture became leaner and
the burning process slowed, the spark timing was advanced to maintain an appropriate
combustion phasing. When the spark timing was advanced ensuring earlier combustion, a
large distribution of work occurs during the compression stroke leading to a decreased
work output. On the other hand, retarded combustion reduced the in-cylinder pressure
leading to decreased the work output.
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Figure 10: Effects of spark timing on IMEP across a range of air-fuel ratio
3.1 Effect of lean burn on the heat release rate
In-cylinder pressure data and calculated apparent heat release rate (AHRR) are
presented in Figure 11. The peak in-cylinder pressure achieved the maximum value near
lambda 1.4, beyond which it progressively decreased. Moreover, notably extended
combustion duration was observed at lambda 1.6, as shown in Figure 12. In this work, each
case was performed at ~370°CA combustion phasing (at MBT). The lean burn effect
increased combustion duration by 50% at lambda 1.6 compared to stoichiometric
condition.
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Figure 11: (a) Pressure and (b) AHRR at different excess air ratios
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Figure 12: Combustion duration versus excess air ratio

3.2 Effect of lean burn on pumping losses
The pumping loss is defined as work done by the piston during the exhaust and
intake stroke (calculated using Eq. 3). Figure 13 shows a 38.4% reduction in pumping
losses at lambda 1.6 compared to the stoichiometric condition.
0.28
IMEP: ~6 bar
Speed:1300 RPM
CA50: ~370°CA

PMEP [bar]

0.26
0.24
0.22
0.2
0.18
0.16
0.14
1

1.2

1.4
Excess air ratio [-]

Figure 13: PMEP versus excess air ratio
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3.3 Stability and thermal efficiency
The coefficient of variation (COV) of the IMEP is used to quantify the combustion
instabilities. The COV of IMEP was calculated from 200 consecutive engine cycles, as
shown in Eq. 13:
COV IMEP =

σIMEP
× 100%
IMEPmean

(13)

where σIMEP is the standard deviation of IMEP and IMEPmean is the mean IMEP over 200
cycles. When the COV IMEP rises above 5%, this is regarded as unacceptable [36] .
The combustion stability deteriorated gradually as the excess air ratio was increased
up to lambda 1.4, as shown in Figure 14. Beyond lambda 1.4, the sharp increase could be
attributed to the ignition challenges to secure flame initiation and development due to
reduced flame speed and elevated dilution [1]. Among the excess-air ratios, lambda 1.4
resulted in the highest indicated efficiency, as shown in Figure 15. An increase of 2%
absolute from the stoichiometric was observed.
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Figure 14: COV IMEP versus excess air ratio
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Chapter 4 – Engine cycle simulated results and discussion
In the previous chapter, the results based on experimental data were analyzed to
understand the practical limitation of the lean burn technique. It is clear that operating at
high excess-air ratios is empirically challenging. Therefore, engine cycle simulation would
provide a parametric study to help understand the impact of combustion phasing and
duration on engine performance at extreme excess-air ratios.

4.1 Energy distribution under the stochiometric condition
In a typical SI engine, the normalized energy distribution over a wide range of
combustion phasing is shown in Figure 16. It was observed that when the combustion
phasing was too advanced from TDC, a higher amount of energy was lost to the engine
coolant via heat transfer. On the other end, when the phasing retarded beyond the optimum
phasing, the fuel energy released into the exhaust as internal energy (higher temperature)
and unburnt products (HC and CO). Thus, there always exists an optimum combustion
phasing where the power output is maximum.
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Figure 16: Normalized energy distribution
4.2 Effects of combustion phasing and heat transfer on indicated thermal efficiency
The combustion phasing had a significant impact on the indicated efficiency. At a
part load (~6 bar) and stoichiometric condition, nearly 4% absolute efficiency was lost, as
shown in Figure 17. Under the adiabatic condition, it was observed that the peak always
occurred at TDC. With the inclusion of heat transfer, the optimal CA50 occurred slightly
after TDC (about 5°CA).
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Figure 17: Effects of combustion phasing on indicated efficiency
4.3 Effects of combustion duration on indicated thermal efficiency
A range of combustion durations and excess-air ratios with fixed combustion
phasing were simulated. From Figure 18, it can be observed that the maximum indicated
thermal efficiency could be achieved with a shorter combustion duration. Moreover, a
longer combustion duration resulted in slightly later optimum combustion phasing
irrelevant of the excess-air ratio.
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Figure 18: Effects of combustion duration on indicated efficiency under lean burn
4.4 Effects of intake pressure on indicated efficiency
The specific heat ratio is strongly dependent on the composition of fuel and air, as
well as the charge temperature which increases during the compression in the engine cycle
[37]. The polytropic index of air is 1.4. Under extremely lean conditions, the specific heat
ratio approached the value of air at constant intake temperature, as shown in Figure 19.
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Figure 19: Specific heat ratio under lean operating conditions
Figure 20 shows the peak in-cylinder temperature and pressure rise rates. At lambda
1.8, the bulk gas temperature dropped ~800K from stoichiometric. Also, the in-cylinder
pressure rise rate with fixed combustion duration remain fairly constant after lambda 1.8
due to the assumption of complete combustion and fixed combustion phasing. The impact
of combustion duration on indicated efficiency was insignificant , as shown in Figure 21.
The reason could be attributed to the higher heat transfer losses caused by the high-pressure
rise rate [38].
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Chapter 5 – Conclusions and future work
This chapter includes a summary of the results achieved throughout this research
work and a zero-dimensional thermodynamic model using AVL BOOSTTM was employed
to examine the impact of combustion phasing and duration on indicated thermal efficiency.

5.1 Conclusions
In a lean burn engines there exist a lean limit beyond which combustion deteriorates
(as discussed in chapter 3.3), the use of a theoretical study with zero-dimensional analysis
provides an estimate of the impact of combustion phasing and duration on engine cycle
performance. The main results of this study can be summarized as follows:

•

The lean limit was determined to be close to 1.6 excess air ratio as COV exceeds
5% beyond 1.6 excess air ratio. The effect of lean burn on the net indicated engine
efficiency was beneficial up to lambda 1.4 under 6 bar IMEP.

•

The combustion phasing has a significant impact on indicated thermal efficiency.
At a part load (~6 bar) and stoichiometric condition, nearly 4% absolute efficiency
was lost. It was observed that without heat transfer consideration the peak
efficiency occurs with combustion phasing at TDC.

•

The combustion duration impact on indicated efficiency under lean burn was
insignificant.
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5.2 Recommendations for future work
The presented numerical study is a preliminary fundamental investigation on the
overall impact of combustion parameters on the thermal efficiency of SI engines fueled by
extremely lean mixtures. The following are recommendations for the continuation of the
future work related to the presented research:
•

A target specific study should be conducted to investigate the impact of individual
combustion parameters and background conditions on lean burn SI combustion.

•

The impacts of combustion efficiency and ignition process should be included in the
numerical model to have a better relevance with the empirical conditions.
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